Phylogenetic analyses were applied to 269 families of putative orthologs represented by a single member in the genomes of human, mouse, dog, and chicken. Five methods were used: maximum parsimony (NP), neighbor-joining (NJ) with Poisson and Gamma distances; and maximum likelihood (ML) with JTT and JTT + gamma models. When applied to the concatenated sequence of all families, all methods strongly supported a tree in which mouse branched before human and dog. In analyses of individual families, the same topology was supported more than any other. Although there was evidence of an increased rate of amino acid replacement in the mouse lineage in comparison to the other two mammals, there was no evidence that support for the mouse's basal position was due to long-branch attraction; rather, this topology was seen in the families with the lowest rate variation among the three mammalian branches. In families with highly divergent mouse sequences, ML with both JTT and JTT + gamma and NJ with the gamma distance tended to support a topology in which the dog, rather than the mouse, branched first. Thus, in these data, a tendency of long and short branches to cluster together (''opposite-branch attraction'') seemed to be more of a problem than long-branch attraction.
Introduction
Molecular sequence data have opened the possibility of addressing phylogenetic questions with increased power, given the extensive new information such data contain regarding the evolutionary history of organisms (Nei and Kumar, 2000; Felsenstein, 2003) . A complete genome sequence, in particular, provides the maximal amount of data on a given species (Blair et al., 2005) . However, given that, at least in the foreseeable future, the number of completely sequenced genomes is likely to remain limited, systematic biologists are often faced with a trade-off. If the goal is to include in a phylogenetic analysis data on as many taxa as possible, the amount of sequence data for each taxon is likely to be limited. On the other hand, if the goal is to maximize the amount of data for each taxon included and thus to rely on complete or nearly complete genome sequences, the number of taxa available for analysis is likely to be limited.
The question of whether or not a phylogenetic analysis using a limited number of taxa is likely to be erroneous (the problem of ''taxon sampling'') has been much debated (Hillis, 1998; Poe, 1998; Rannala et al., 1998; Mitchell et al., 2000; Rosenberg and Kumar, 2001; Zwickl and Hillis, 2002; Pollock et al., 2002; Hillis et al., 2003; Rosenberg and Kumar, 2003; Debry, 2005 ). An argument in favor of increased taxon sampling is that additional taxa serve to break up long branches and thereby help prevent the recovery of erroneous topologies through the phenomenon known as long-branch attraction (LBA), whereby certain phylogenetic methods tend to cluster long branches together (Felsenstein, 1978; Hendy and Penny, 1989; Hillis, 1998) . LBA is generally held to be particularly problematic for the maximum parsimony (MP) method, whereas maximum likelihood (ML) is much less prone to LBA (Anderson and Swofford, 2004) . It has also been proposed that the neighbor-joining (NJ) method can be prone to LBA, at least under certain conditions (Fares et al., 2006) . On the other hand, there is evidence that the ML method can be prone to a phenomenon of ''long-branch repulsion,'' which perhaps might better be termed ''oppositebranch attraction'' (OBA), whereby unusually long branches are attracted to unusually short branches (Yang, 1996; Pol and Siddall, 2001) .
The relationships among the orders of eutherian (placental) mammals represents an unresolved phylogenetic question to which issues of both taxon sampling and LBA are relevant. Early molecular analyses tended to support topologies in which Rodentia branched outside the other major placental orders, including Primates and Carnivora ( Fig. 1a) (Easteal, 1990; Li et al., 1990) . On the other hand, in more recent analyses using a larger number of taxa, Rodentia and Primates tended to cluster together ( Fig. 1b) (Murphy et al., 2001) . Some other recent analyses with an intermediate number of taxa have placed Rodentia outside the other placental orders (Misawa and Janke, 2003; Misawa and Nei, 2003; Cannarozzi et al., 2007 ; but see Jørgensen et al., 2005) .
One possible factor in these contradictory results may be an accelerated rate of molecular evolution in rodents in comparison to other mammalian orders, particularly primates, as shown by a variety of methods (Gu and Li, 1992) . Thus, it might be argued that the tendency for rodents to cluster outside the other placental orders is due to an inability of certain methods of phylogenetic analysis to accommodate substantial rate variation among branches in a phylogeny and/or to LBA. If so, it might be predicted that those phylogenetic methods that are sensitive to rate variation among branches or are prone to LBA will be more likely to cluster the rodents outside the other placental orders. However, it is important to heed the warning of Anderson and Swofford (2004) and not merely to assume that LBA is responsible whenever a phylogenetic analysis yields an unexpected or undesired result.
Here we use protein sequences encoded by putatively orthologous genes from three complete mammalian genomes in order to test for associations between the topology of the phylogenetic tree, the method of phylogenetic analysis, and the variation in branch length. The three mammalian species analyzed were human (order Primates), dog (order Carnivora), and mouse (order Rodentia); and sequences from a bird genome, that of the chicken, were used as an outgroup to root the tree. Note that the chicken provides a more appropriate outgroup for the purposes of the present study than would a closer outgroup, such as a marsupial mammal. Because our analyses focused on rate differences among the three mammalian taxa, a more distant outgroup is preferable because it allows time for sufficient numbers of differences to have accumulated in order to distinguish true rate differences from stochastic error.
There are there are three possible phylogenies for the rooted tree (Fig. 1) . After identifying gene families having a single representative in each of the four genomes, we analyzed each family separately, as well as the concatenated sequence, using three phylogenetic reconstruction methods: maximum parsimony (MP), neighbor joining (NJ), and maximum likelihood (ML). Our purpose was not to determine definitively which of these phylogenies is correct. Rather, using a limited number of taxa, we sought to examine empirically the properties of the sequence data sets that favored a given topology using a given phylogenetic method.
A problem with identifying putative orthologs from each of a set of genomes (''panorthologs'') merely by the presence of a single representative in each of the genomes analyzed is that a certain number of genes that are paralogous rather than orthologous (''pseudo-orthologs'') may be included. Pseudo-orthology can arise naturally as a result of independent deletion events in different lineages (Fig. 2) . On the other hand, pseudo-orthology can also occur artifactually if true orthologs are omitted due to errors in genome assembly or annotation. Likewise, errors in identifying gene family members by homology search may potentially lead to misidentification of orthologs; such errors can occur because homology searches do not always accurately reflect phylogenetic relationships (Koski and Golding, 2001) . Finally, the problem of pseudo-orthologs is likely to be particularly acute in cases where a complete genome is not available for each species in the analysis, since without genomic information it may often be difficult to distinguish paralogs from orthologs. In order to eliminate pseudo-orthologs, one needs to know in advance the true organismal phylogeny. But, in cases of phylogenetic analysis, one does not know this phylogeny; therefore, there is no obvious a priori criterion for eliminating pseudo-orthologs. The presence of pseudo-orthologs thus represents an additional problem which, along with LBA/ OBA, can potentially mislead phylogenetic analyses based on putative orthologs from a set of complete genomes.
Methods

Sequence data
The genome sequence data for four species of vertebrates was obtained from the Ensembl web site (http:// www.ensembl.org). Each of the species is associated with a genome assembly (and version number) as follows: human Homo sapiens (30.35c); mouse Mus musculus (30.33f); dog Canis familiaris (30.1b); and chicken Gallus gallus (30.1f). Each dataset was filtered so that only unique loci (genes) remained. This filtering limited the data set to one transcript (chosen at random) per physical locus and also removed unmapped genes. In order to ensure that corresponding transcripts were chosen for each species, we examined all alternative transcripts manually at selected loci.
Gene families
The BLASTCLUST software (version 2.2.9; Altschul et al., 1997) was used to cluster genes into families. This program both identifies sequence homology and then assembles sequences into families by the single-linkage method. We applied BLASTCLUST to predicted amino acid sequences using the default settings, except for the following: E (expect value) = 10 À6 and minimum sequence match of 20% across a minimum of 40% of the amino acid sequence alignment. These relatively relaxed values allowed us to identify the more distant Gallus homologs, while still choosing relatively conserved proteins (Hughes et al., 2005) .
In order to eliminate pseudo-orthologs wrongly identified as orthologs by the single-link method used by BLASTCLUST, we used the protein sequence homology search program BLASTP (with E = 10 À30 ) to search our complete database of protein translations for additional homologs of each member of all families having one member in each of the four genomes. When additional homologs were obtained, we conducted a phylogenetic analysis (see below) of the extended family including these additional homologs. When this analysis supported the hypothesis that the genes in the original four-member family were not true orthologs, that family was excluded from further analysis; seven families were excluded as a result of this procedure.
For purposes of analysis, we retained 269 protein families having a single representative in each of the four genomes. The sequences are provided as online Supplementary material; the Ensembl accession numbers are provided in Supplementary Table S1 . Members of each protein family were aligned using ClustalX (version 1.83; Thompson et al., 1997) . In all phylogenetic analyses, any site at which the alignment postulated a gap in any sequence was excluded from the data matrix. Because of the latter procedure, we excluded from phylogenetic analyses any alternatively spliced exon that might happen to occur in the transcript chosen for one of the species but not in all of the others.
Phylogenetic analyses
This subset of the data was also concatenated into a single dataset for phylogenetic analysis. After aligned sites were removed with any gaps present, the concatenated subset contained 115,221 aligned amino acid sites.
Phylogenetic trees were constructed for each family separately and for the concatenated amino acid sequence. Phylogenetic analysis was applied at the amino acid level only because synonymous nucleotide sites were saturated with changes in comparisons between mammals and chicken. Three methods of phylogenetic analysis were used: maximum parsimony (MP); neighbor joining (NJ); and maximum likelihood (ML). For MP the branch and bound algorithm was used. NJ trees were based on both the Poisson-corrected amino acid distance and the gamma-corrected amino acid distance, which takes into account rate variation among sites (Nei and Kumar, 2000) . The MEGA3 program was used for MP and NJ analyses (Kumar et al., 2004) . ML trees were constructed using the Phylip software package (proml program; Felsenstein, 1989 ) with a JTT model of sequence evolution (Jones et al., 1992) . ML analyses were conducted assuming a constant rate of evolution among sites and assuming that rates varied among sites following a gamma distribution. The TREEPUZZLE program (Strimmer and von Haeseler, 1996) was used to estimate the shape parameter (a) of the gamma distribution for both NJ and ML analyses. Reliability of clustering patterns in the trees based on concatenated sequences was tested by bootstrapping (Felsenstein, 1985) ; 1000 bootstrap samples were used.
Other statistical analyses
In order to assess the association between rate variation among branches and the results of phylogenetic analyses, we computed for each family the proportion of amino acid difference (p) between each of the three mammalian taxa and the outgroup (chicken). Then we computed the coefficient of variation (CV) among these three p values (where CV is defined as the ratio of the standard deviation to the mean). CV provides a unitless measure of variation, corrected for differences among families with respect to the amount of accumulated amino acid differences. The uncorrected proportion of amino acid differences (p) was used, since amino acid distances corrected using a model of amino acid sequence evolution are highly correlated with p but always have a greater stochastic error of estimation. For example, in the present data, the correlations between p and the Poisson-corrected distances were all greater than 0.98, while those between p and the gammacorrected distances were all greater than 0.93. However, the variances of both Poisson-corrected and gamma-corrected distances were substantially greater than that of p. In preliminary analyses, we conducted analyses using the Poisson-corrected and gamma-corrected amino acid distances instead of p; the results were essentially identical (data not shown).
Because the variable analyzed (CV of p and standardized residuals from regression) were not normally distributed, we used the nonparametric Kruskal-Wallis test to test for differences among group medians (Hollander and Wolfe, 1973) . In preliminary analyses, parametric analysis of variance applied to means yielded essentially identical results, reflecting the well-known robustness of one-way analysis of variance to violation of the assumption of normality.
Results
Phylogenetic analyses
The phylogeny of concatenated amino acid sequences was reconstructed by the following methods: MP; NJ based on the Poisson-corrected amino acid distance; NJ based on the gamma-corrected amino acid distance; ML assuming a constant rate; and ML assuming that rates vary according to a gamma distribution. The shape parameter (a) for the gamma distribution was estimated to be 0.58. All methods yielded the same topology (topology A ; Fig. 1a) ; and in every case bootstrap support for the internal branch was 100%. Thus, in the concatenated data, all methods supported the phylogenetic relationships proposed by Li et al. (1990) , rather than those proposed by Murphy et al. (2001) . As a consequence, support for the former topology could not be attributed to an artifact arising from any particular method.
When the results of analyses for the 269 individual families were examined, the number of families supporting topology A (Fig. 1a) was higher than that supporting topology B (Fig. 1b) or topology C (Fig. 1c) for all methods (Table 1) . The NJ method with the Poisson distance yielded support for topology A in the highest number of families (177), with MP supporting the next highest number (162) ( Table 1 ). In every case except ML with rate variation (JTT + gamma), the number of families supporting topology A was a majority of all families, whereas in the case of ML with JTT + gamma, a plurality of families supported topology A (Table 1) . The five methods agreed on topology in 122 (45.4%) of the 269 families. Of these 122 families, in 82 (67.2%) families, topology A was favored; in 22 (18.0%) families, topology B was favored; and in 18 (14.8%) families, topology C was favored.
Variation among branches
For the 269 proteins, the mean (±S.E.) proportion of amino acid difference (p) between human and chicken was 0.302 ± 0.011 (median 0.280); the mean p between dog and chicken was 0.309 ± 0.010 (median 0.285); and the mean p between mouse and chicken was 0.309 ± 0.011 (median 0.281). Among the p values for all comparisons of the mammals with chicken, 74% were less than 0.400; and 92% were less than 0.600.
When CV of p between each mammal and chicken was compared among families for which different topologies were supported by the different methods, a significant difference in median CV was found for all methods (Table  2) . For every method, the families in which topology A was preferred had the lowest median CV, the families in which topology C was preferred had the highest median CV (Table 2) . Similarly, considering only the 122 families on which all methods agreed, the lowest median CV was observed in the families for which topology A was supported, while the highest median CV was observed in families for which topology C was supported (Table 2) . Thus, all methods showed a tendency to support topology A in the families showing the least variation in evolutionary rate among branches.
Median CV with respect to p differed significantly among families categorized with respect to the outcome of the two constant-rate methods (Table 3) . Consistent with the results shown in Table 2 , the set of families for which both constant-rate methods favored topology A showed the lowest median CV except for a small number (5) of families in which ML supported topology B and NJ supported topology C (Table 3) . We similarly categorized families based on the results of the NJ and ML methods assuming a gamma distribution of rates. Here again, there was a significant difference in median CV among categories, with families for which both methods favored topology A showing the lowest median CV except for a small number (3) of families in which ML supported topology B and NJ supported topology C (Table 3) .
Mouse vs. dog sequence divergence
In order to examine which taxa contributed most to rate variation, we compared p between each of the taxa and chicken. In 175 (65.1%) families, p between mouse and chicken was greater than that between dog and chicken; in 21 (7.8%) families, p between mouse and chicken was equal to that between dog and chicken; and in 73 (27.1%) families, p between mouse and chicken was less than that between dog and chicken. The preponderance of cases in which p between mouse and chicken exceeded that between dog and chicken was highly significant (P < 0.001; sign test). Similarly, p between mouse and chicken was greater than that between human and chicken in 180 (66.9%) families; p between mouse and chicken was equal to that between human and chicken in 19 (6.7%) families; and p between mouse and chicken was less than that between human and chicken in 70 (26.0%) families (P < 0.001; sign test). By contrast, p between dog and chicken was greater than that between human and chicken in 130 (48.3%) families; p between dog and chicken was equal to that between human and chicken in 30 (11.2%) families; and p between dog and chicken was less than that between human and chicken in 109 (40.5%) families (n.s., sign test). These results supported the hypothesis of an overall acceleration in the rate of amino acid replacement mouse compared to the other two mammal species.
Figs. 3a and b show a plot of p between mouse and chicken vs. p between dog and chicken. Many points fell on or close to a straight line, and an R 2 of 0.890 (P < 0.001) indicated an overall strong linear relationship. The regression equation was Y = 0.016 + 0.949X. However, certain families were clearly outliers to this trend (Fig. 3) . Many of the outliers were included in the following categories: families for which both NJ with the Poisson model and ML with JTT supported topology B (Fig. 3a) ; families for which NJ with the Poisson model supported topology A, but ML with JTT supported topology B (Fig. 3a) ; families for which both NJ with the gamma model and ML with JTT + gamma supported topology B (Fig. 3b) ; and families for which NJ with the gamma model supported topology A, but ML with JTT + gamma supported topology B (Fig. 3b) .
We used the standardized residual (SRES) from the regression of p between mouse and chicken on p between dog and chicken (Fig. 3) as a measure of deviation from a linear relationship between these quantities. NJ with the gamma model and ML with both JTT and JTT + gamma models showed a significant difference among the three tree topologies with respect to median SRES (Table 2) . With all of these methods, by far the highest median SRES was found in families for which the phylogenetic analysis supported topology B (Table 2 ). These results imply that these methods were likely to choose topology B when the mouse sequence was unusually divergent relative to the dog sequence. Note that this pattern is the opposite of that which would be caused by LBA. If LBA were occurring, one would expect topology A to be favored when the mouse was unusually divergent.
When we categorized families based on the results of NJ and ML assuming a constant rate across sites, there was a significant difference among categories with respect to median SRES (Table 3 ). The highest median SRES was observed in families for which NJ favored topology A, but ML favored topology B (Table 3 ). This category of families, including many with high SRES, is illustrated in Fig. 3a . Similarly, when we categorized families based on the results of the NJ and ML methods assuming a gamma distribution of rates, there was a highly significant difference among categories with respect to median SRES (Table  3 ). The highest median SRES was seen in the families for which both methods favored topology B; and the next highest median SRES was seen in the families for which NJ favored topology A, but ML favored topology B (Table  3) .
Discussion
Phylogenetic analyses of concatenated amino acid sequences from 269 gene families having a single representative in the genomes of human, dog, mouse, and chicken supported a phylogeny according to which mouse branched outside the other mammals. This topology, here designated topology A (Fig. 1a) was that supported by Li et al. (1990) , in contrast to topology B (Fig. 1b) , supported by Murphy et al. (2001) . By using a number of different methods of phylogenetic analysis and by examining rate variation among branches, we tested hypotheses that have been proposed to account for Topology A; namely that topology A results from biases of certain phylogenetic methods and/or from long-branch attraction (LBA).
In our analyses, topology A was supported by the maximum parsimony (MP) method; by neighbor-joining (NJ) using the Poisson distance; by NJ using the gamma distance; by the maximum likelihood (ML) method assuming a constant rate of evolution across sites; and by the ML Fig. 3 . Plots of the proportion of amino acid difference (p) between mouse and chicken against that between dog and chicken in 269 gene families. Families for which the ML method supported topology B (Fig. 1) while NJ supported topology A are indicated by red crosses, while those for which both ML and NJ supported topology B are indicated by green crosses. (a) Methods assuming a constant rate across sites (Poisson distance in NJ and JTT model in ML); (b) Methods assuming that rate variation among sites follows a gamma distribution (gamma-corrected distance in NJ, JTT + gamma in ML). method assuming that rate variation among sites followed a gamma distribution. Thus, support for this topology could not be attributed to an artifact of one particular method or model of sequence evolution. Likewise, when the same methods of phylogenetic analysis were applied to individual families, more families supported topology A than the other two possible topologies with every method.
We examined characteristics of the data sets for each family in order to identify the factors causing the phylogenetic analyses to uncover different topologies in individual families. One factor that might influence topology is rate variation among branches of the tree. As a measure of the extent of rate variation among the three mammalian taxa, we computed the coefficient of variation (CV) of the proportion of amino acid difference (p) between each mammalian taxon and the outgroup (chicken). The results showed that, for all phylogenetic methods, median CV was consistently lowest in the families for which topology A was supported. Similarly, the standard residual of the regression of p between mouse and chicken vs. p between dog and chicken was consistently low when topology A was supported by all methods except MP. These results thus contradicted the hypothesis that support for topology A was in general due to the inability to accommodate rate variation among branches, such as would result from an enhanced rate of amino acid replacement in the rodent lineage.
Unusual patterns of sequence divergence were seen in families in which both ML and NJ supported topology B or in which ML supported topology B while NJ supported topology A. Assuming a constant rate of evolution across sites, families in which ML supported topology B but NJ supported topology A showed unusually high rates of amino acid sequence evolution in mouse compared to dog. Similarly, assuming that rate variation among sites followed the gamma distribution, families in which both methods supported topology B or ML supported topology B but NJ supported topology A showed unusually high rates of evolution in the mouse. These results suggest that opposite-branch attraction (OBA) was much more likely to occur in these families than was long-branch attraction (LBA). If LBA were occurring, the families with highly divergent mouse sequences would be likely to support topology A, at least with MP and NJ methods. In fact, the opposite pattern was seen, especially when NJ was used. In NJ as in ML, highly divergent mouse sequences were associated with topology B.
That OBA would occur in the case of ML might be expected from the known tendencies of this method (Nei and Kumar, 2000) . However, the results showed evidence that OBA was occurring even in the NJ method, when the gamma-corrected distance was used. This interpretation was supported by the high median value of the standard residual of the regression of p between mouse and chicken vs. p between dog and chicken, in families where both NJ and ML supported topology B (Table 3) . Our results thus suggest that OBA may be a more serious problem in phylogenetic studies than is LBA.
Unusually long branches in these families might result from differences in evolutionary rates, but in some cases they might result from the use of pseudo-orthologs. As mentioned previously (see Section 2 ), we attempted to eliminate such cases arising artifactually as a result of homology search; but not all cases arising from differential deletion of genes (Fig. 2) or errors in gene prediction and/ or genome assembly would be eliminated by the approach we used. Nonetheless, our phylogenetic analysis of the concatenated amino acid sequences of all 269 families suggested that the inclusion of a certain proportion of pseudo-orthologs or otherwise anomalous families is not problematic if data from a large number of genes are used. The dominant signal seen in the majority of families evidently was sufficiently strong to overcome any contrary signals.
Because only three mammalian species were involved, the present analyses cannot resolve the controversial question of the branching order of the major lineages of placental mammals (Murphy et al., 2001; Misawa and Janke, 2003; Cannarozzi et al., 2007) . Nonetheless, our results help to clarify the issues in the debate, by showing that the phylogeny obtained by Li et al. (1990) (Tree A; Fig. 1 ) cannot plausibly be attributed to either the biases of certain methods of phylogenetic analysis and/or to LBA. Rather, our results suggest that OBA may have been a factor in analyses that have obtained the alternative phylogeny (Tree B; Fig. 1 ).
